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Fig. 2. Crest-factors of Sivaswamy’s complementary set of sequences. The
number of simultaneously used sequences is L =4and the sequence length of
N =2 is between 2 =4and =2 =8 1 9 2 .
. Since the average power of is , the
PF is bounded by two.
Fig. 2 depicts the PFs of some of Sivaswamy’s complemen-
tary sets constituted by sequences, where the oversam-
pling factor of eight was employed to calculate accurate PF
values [24]. Depending on the relationship between the mes-
sage sequences depicted in (20), the corresponding crest factors
exhibit three different values, as seen in Fig. 2. Half the number
of the message sequences belong to the case represented by the
marker “ ” and a quarter to those denoted by each of the marker
“ ” and “ .” We can observe in Fig. 2 that the PFs associated
withthemarker“ ”arethelowestamongthethreevalues,when
thesequencelength is , ,or .AnidealPF
of one was achieved for the sequence length of , rep-
resenting a constant power envelope. The fact that all the crest
factors in Fig. 2 are bounded by 3 dB corroborates Lemma 3.
It remains, however, an open question, whether there exists
a large set of complementary spreading sequences, where the
number of codes is higher than four, exhibiting low crest
factors. For example, we can construct a set of eight orthog-
onal subcomplementary sequences from the Kronecker product
of base complementary sequences and a 4 4 Walsh matrix
[4]. However, the corresponding maximum PF of BPSK mod-
ulated eight-code MC-CDMA was 3.49, which is considerably
higher than that of thebest-case Walsh code spread MC-CDMA
scheme, as seen in Fig. 3. In fact, Walsh spreading codes rep-
resented by the 16 16 Walsh–Hadamard matrix constitute an
orthogonal complementary set [4]. As the number of codes
increases in multicode MC-CDMA, the interaction of the mes-
sage bits with the pair-wise crosscorrelation property of the se-
quences becomes complex [16]. Hence, it becomes an arduous
task to arrive at a predictable behavior in terms of the corre-
sponding envelope power.
IV. EFFECTS OF CLIPPING
In the previous section, we observed that two- and four-code
BPSK modulated MC-CDMA signals employing complemen-
tary-sequence-based spreading sequences result in low values
of the corresponding crest factor, which are bounded by 3 dB.
Some of the practical consequences of this low crest factor will
Fig. 3. Maximum PF (CF ) when using various spreading codes for
BPSK modulated multicode MC-CDMA. The spreading factor was
N =1 6 . The markers “?” represent the corresponding maximum PFs of
complementary-sequence-based spreading sequences investigated.
be investigated here in comparison to other sequences used for
spreading MC-CDMA signals. When they are subjected to non-
linear amplification, they produce spurious out-of-band emis-
sions. The extreme peaks of the signal inevitably suffer from
so-called “clipping effects,” when they enter the saturation re-
gion of the amplifier, resulting in the loss of effective transmis-
sion power as well as in signal distortion unless the gain of the
amplifier is reduced to a level, where the amplifier’s maximum
output level is sufficiently high for the signal peaks not to be
clipped. Many portable wireless devices use solid-state power
amplifiers (SSPA). The amplitude transfer characteristics or the
amplitude modulation–amplitude modulation curve of an
SSPA can be modeled as [25], [26]
(22)
where is the input magnitude and is the smoothness factor
during its transition from the linear region to the saturation re-
gion. Considering that the output power of typical SSPAs at
the 1-dB compression point is about 0.7 dB below the satura-
tion power, the value of the smoothness factor in (22) becomes
.
Thepowerlossduetotheabove-mentioned“clippingeffects”
of the nonlinear amplifier model of (22) can be observed in
Figs. 4 and 5. For the two-code BPSK modulated MC-CDMA
schemes characterized in Fig. 4(a), the MC-CDMA signal em-
ploying a complementary pair of sequences showed the lowest
power loss of 1.6 dB for the set of five different spreading codes
investigated. A pair of OGold codes and a pair of Frank codes
also exhibited a similar behavior, showing an associated power
lossof1.7and1.8dB,respectively.Finally,theWalshcodesand
Zadoff–Chucodesexhibitedahighpowerlossofaround3dBat
0-dB input backoff. The spreading code pairs were selected on
the basis of maintaining the lowest crest-factors for each family
of spreading codes.
Whenfourspreadingcodeswereusedsimultaneously,asseen
in Fig. 4(b), the effective transmission power losses at 0-dB
input backoff were 1.3 dB for Sivaswamy’s complementary set,